INTRODUCTION
Alkaloids in tobacco, Nicotiana tabacum L., and related species have been extensively investigated because of their importance in smoking pleasure. Nicotine is the predominant alkaloid in tobacco leaves. The possible hazard of cigarette smoking to human health has resulted in a trend of decreasing nicotine content in cigarettes. The conversion of nicotine to nornicotine by a pair of dominant factors (5, 18) may be employed as a genetic means of reducing nicotine content in the leaf of commercial tobaccos. However, nornicotine contributes to unpleasant smoking taste. Genetic factors controlling alkaloid synthesis have been shown to be 'independent from those regulating nicotine-nornicotine conversion in tobacco {8, 15). Nicotine content in tobacco leaves may therefore be controlled by merely lowering total alkaloids. Valleau ( 15) has reported that total alkaloid content in tobacco might be governed by a rather simple genetic system. Legg et al. (7) recently reported that two nonlinked loci with additive gene action are responsible for determination of percent total alkaloids in certain hurley crosses. Nicotine is mainly synthesized in the root and translocated to the leaf of tobacco (3). The precursor of nicotine in toba<:co roots remains an unanswered question. In studies of alkaloid biosynthesis in N. rustic a, Tso and ] effrey (14) and Tso (u) suggested that nor-• nicotine is synthesized in the roots and may serve as a .precursor of nicotine. In N. tabacum, nicotine conversion to nornicotine is believed to be a senescent phenomenon and takes place only in the leaf (16, 17, 18) . During flue-curing nieotine-nornicotine conversion occurred rapidly after 68 hours when the curing temperature was elevated above 56° C (16) . The time of nicotine conversion and the change of alkaloid content during the course of air-curing have not been reported in the literature. The present investigation was designed to study the effects of converter and alkaloid genotypes on the change of alkaloid composition in juvenile hurley leaves and roots under simulated air-curing conditions.
MATERIALS AND METHODS
Nicotiana tabacum cv. Burley 21 (a "normal" hurley tobacco with respect to alkaloid content and a nonconverter, designated as high nicotine, HN) and its isogenic lines for either low total alkaloids (LN) or nicotine conversion (C) were employed in this investigation. Plants were self-pollinated and crossed among the three genotypes. A total of nine entries, three parental lines and six F1 progenies including the reciprocal ones were sown in 2-inch pots . in October, 1967. After germination, young seedlings were potted into 2-inch pots, and later 20 juvenile plants of each entry were selected for uniformity and transplanted into 6-inch pots containing loam-~and. mixture (3 :1, v/v). The plants were grown in a greenhouse equipped with white-cool fluorescent lights fo~ a 16~hour photoperiod. Greenhouse temperature was maint~ined at 27° C during the daytime and 18° C at night. The plants were irrigated with 200 ml of half-strength Hoagland's (6) solution daily. At the six-leaf stage the apical buds were removed to induce . physiological aging and alkaloid accumulation according to Griffith's sm~ll plant techniques (4). Two weeks later leaves of each entry were separately harvested and randomly divided into five ' groups, each of which consisted of 16 leaves. Similarly, the 20 root systems of each entry were equally divided into five groups. The leaves and roots were hung on sticks in an environmental chamber for curing. . However, the present study reports the quantity of both compounds as of anabasine. Individual spots were brushed off the plates, eluted with 5 ml 0.1 N HCI for one hour, and read on a Beckman DB-G spectrophotometer at 260 nm wavelength. }he quantity of individual alkaloids is a mean of triplicate analyses. Total alkaloid content is the sum of the three principal compounds. Table 1 summarizes the quantity of individual and total alkaloids and nomicotine/nicotine ratios in the leaves of nine tobacco entries before and after aircuring. A lower amount of nicotine but higher nornicotine in green leaves of the C line than the HN strain indicate the possible occurrence of conversion during leaf growth. Genetic factors regulating nicotine to nomicotine conversion prior to curing have been found in N. tomentosiformis which is a progenitor of N. tabacum (17) . Moreover, the content of total alkaloids in the C line was only 64 Ofo of that of the HN strain at the same leaf age. It appears that these two genotypes differ not only for conversion but also for the amount of alkaloids. In the green tissue of the LN line total alkaloids were only 20 Ofo the amount in the HN strain and yet, their nomicotine concentrations were comparable. Air-curing resulted in a five-fold increase of nornicotine in the C line as expected and some nornicotine accumulated in the HN and LN l~es.
RESULTS AND DISCUSSION
After air-curing;' the HN line lost 31 Ofo · of the total . alkaloids, whereas only a. fo.ur percent decrease occurred in the C line. In contrast, alkaloid ~ontent inc~eased 27 Ofo in the LN strain.
The alkaloid composition in the Ft hybrids supports others' findings (5, 7, 8, 18) that nicotine <;onversion and total alkaloids are controlled by dominant gene or genes. The present results from the reciprocal crosses further indicate that there are no plasmogenes in determination of alkaloid metabolism in tobacco leaves. The total alkaloids in green leaves of the C and LN hybrids exceeded the level of either parent. This may be explained as a heterotic effeCt or a failure of early nicotine conversion or both. A similar nornicotine/ nicotine ratio for the green tissues of all six Ft
• hybrids suggests the absence of nicotine conversion during leaf growth in heterozygotes. The degree of conversion after air-curing as measured by the nornicotine/nicotine ratio revealed that the Ft phenotype in the HN and C crosses is comparable to that of the C parent. In the case of the LN and C crosses this ratio fell into a nearly mid-parent value. Since the nicotine concentrations before or after air-curing in the four converter Ft' s are in the same order of magnitude, a larger nornicotine content in the cured leaves of the HN crosses than the LN crosses requires explanation.
If nornicotine is formed at the expense of nicotine during curing, the HN or LN germplasm may modify the converter factor in its efficiency of converting nicotine to nornicotine. This is in keeping with Burk and ]effrey's (2) findings that in addition to a single dominant gene for nicotine conversion, a modifier gene had to be included to explain their results from 
Green I Air-cured Green I Air-cured Green I Air-cured Green I Air-cured Green I Air-cured • Quantity is e~pressed in terms af mg nicatine equivalent/gm dry weight. segregating populations. Forty-nine percent of nicotine loss during curing was transformed to nornicotine 'in the HN and C crosses, while there was only 22 Ofo in the LN and C crosses. Since catabolism prevails during air-curing, the LN strain may therefore possess a different genetic system for alkaloid decomposition and/ or interconversion. Anabasine content in tobacco leaves appeared to be highest in the C line and lowest in· the LN strain. Similarly, the Ft plants derived from the C line showed higher anabasine concentration than that of the HN and LN crosses. Air-curing resulted in a slight increase in anabasine content in most cases. On a dry weight basis, fresh root tissues contamed much less alkaloids than the aerial portion of plants; however, nicotine, nornicotine and anabasine were still in measurable quantities ( Table 2 ). The individual and total alkaloid quantity in roots of the three isogenic hurley strains corresponds to the same order as in their leaves. A relatively · high concentration of nornicotine in fresh roots is reflected by a high nornicotine/ nicotine ratio in all cases except the LN strain. In contrast to the leaf, the air-curing process resulted in a decrease of nornicotine in the root except ·in the LN strain. The Ft's of reciprocal crosses showed a similar pattern of change in alkaloid composition before and after curing. The HN and LN hybrids did not exhibit any drastic change in nicotine and nornicotine contents due to curing, whereas the other four Ft's involving the C line as parent decreased these alkaloids considerably. In the C and LN hybrids, nicotine content decreased more than nornicotine during the curing period and consequently, a high nornicotine/nicotine ratio comparable to that of the LN parent was obtained. It suggests thatthe rate ofnicotinedecomposition in tobacco roots may be a determinant factor for alkaloid accumulation in the leaves. The change of nicotine and nomicotine concentrations during the course of air-curing may reveal the precursor-product relationship. If nicotine conversion is a one-step reaction involving transmethylation {1.) or oxidative demethylation (1.o), one would anticipate a direct relationship between nicotine loss and nornicotine gain at a given curing interval. The present results revealed that nicotine decomposition occurred in the early curing stages and nornicotine increase began only at the 4th curing day. The accumulation of nomicotine became much more prominent after the 8th day as reflected by a steady increase of nornicotine/nicotine ratio. Out of phase for nicotine decomposition and nomicotine accumulation suggests that there is no . single one-step conversion between these two alkaloids. Since all alkaloids are metabolically active and interconvertible in the general metabolic pool (1.1., 1.3), unknown metabolites derived from nicotine decomposition may be involved to bridge the time lag for nomicotine formation. These intermediate nitrogen-containing compounds, if any, are apparently not detected by the present analytical method. In roots, a relatively high nomicotine concentration gave rise to a high initial ratio of nornicotine to nicotine. Air-curing caused less than one-fold increase in ratio for the C strains, suggesting that the converter factor has an extremely low expressivity in root tissues.
One interesting phenomenon was a rapid loss of nicotine from 1..42 mg/g to 0.29 mg/g at the beginning of curing in the· LN line, while nornicotine content altered only slightly from 0.30 mg/g to 0.40 mg/g. This shift of proportion resulted in a six-fold increase in the nornicotine/nicotine ratio at the 4th curing day. Sixtythree percent of nicotine loss was later recovered, but Figure 1 . Changes of the nornicotine/nicotine ratio during air-curing in the seedling leaves of three Burley 21 alkaloid isogenic lines and their F, hybrids.
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nornicotine content maintained at a steady level. As a result, the ratio of the two alkaloids dropped by the end of curing. This phenomenon occurred to a lesser extent in the roots of the HN and LN hybrids. In the Ft's of the LN and C crosses the nicotine increase was not noticed at the last phase of curing. Whether this is due to the influence of converter factor or other genic interactions can only be answered by future experiments.
The parallel comparison of alkaloid composition in leaves and roots reported herein offers further understanding of the time, site, and magnitude of gene function and genic interaction in relation to the accumulation of alkaloids in tobacco. The genetic mechanism regulating nicotine metabolism in roots of the LN line likely bears impact on lowering the total alkaloids in its leaves. Interestingly enough, this metabolic phenomenon did not occur in the leaf possessing the same genotype. Although curing decreased nornicotine content in the root, the increase of this alkaloid in the leaf suggests in situ synthesis. Nevertheless, the amount of increase is much greater in the converter line and its progenies than the non-converters. A considerable amount of confusion exists in the literature as to the interpretation of the genetic system of nico- 
SUMMARY
Quantitative changes of nicotine, nornicotine, anabasine (including anatabine}, and total alkaloids in the juvenile leaves and roots of Nicotiana tabacum cv. Burley 2:1 (HN) and its isogenic lines selected for nicotine conversion (CL and low total alkaloids (LN) were studied during air-curing simulation. In the leaf, the C line contained less total alkaloids but more nornicotine than the HN line, suggesting that some may have been converted to nornicotine during leaf growth. The conversion phenomenon was not observed in the root. The root tissues of the LN line showed a high rate of nicotine decomposition at the inception of curing. On the basis of F1 results, both total alkaloids and nicotine conversion are governed by dominant factors. An intermediate nornicotine/nicotine ratio for the cured leaves of ·the LN and C hybrids indicated the presence of converter modifiers in the LN line. In the C line and its hybrids the decrease of nico~ine content mainly occurred at the beginning of curing, whereas the nornicotine increase appeared after the eighth day of curing. The amount of anabasine was increased in the leaf but was decreased in the roots by curing. 
ZUSAMMENFASSUNG

RESUME
Dans une experience simulant !'«air-curing>>, on a etudie la variation quantitative de la teneur en nicotine, nornicotine, anabasine (y compris l'anatabine), des alcaloides totaux clans les feuilles juveniles et les racines de Nicotiana tabacum cv. Burley 21. (HN) et de sa filiation isogenique selectionnee pour la conversion de la nicotine (C), et des alcaloides totaux mineurs (LN). Dans les feuilles, la filiation C contient moins d'alcaloides totaux. mais davantage de nornicotine que la filiation HN. Ceci suggere qu'une partie des alcaloides auraient pu etre convertis en nornicotine pendant la croissance des feuilles. Ce phenomene de conversion n' a pu etre observe clans les racines. Dans les tissus des racines de la filiation LN, on trouve une proportion importante de nicotine dtkomposee au stade initial du sechage. D'apres les resultats de la premiere generation, la conversion de la nicotine et des alcaloides totaux est determinees par des facteurs dominants. Une proportion intermediaire nornicotine/nicotine clans les feuilles sechees des hybrides LN et C indique la presence de modificateurs de conversion clans la filiation LN. Dans la filiation C et ses hybrides, la diminution de la teneur en nicotine apparait surtout au debut du sechage, alors que 1' augmentation de la nornicotine se manifeste apres le huitieme jour de sechage. Durant le sechage, la teneur en anabasine augmente clans les feuilles, et diminue clans les racines.
